Background: Approximately 25% of patients with colorectal cancer (CRC) will have liver metastases classified as synchronous or metachronous. There is no consensus on the defining time point for synchronous/metachronous, and the prognostic implications thereof remain unclear. The aim of the study was to assess the prognostic value of differential detection at various defining time points in a population-based patient cohort and conduct a literature review of the topic. Methods: All patients diagnosed with CRC in the counties of Stockholm and Gotland, Sweden, during 2008 were included in the study and followed for 5 years or until death to identify patients diagnosed with liver metastases. Patients with liver metastases were followed from time of diagnosis of liver metastases for at least 5 years or until death. Different time points defining synchronous/metachronous detection, as reported in the literature and identified in a literature search of databases (PubMed, Embase, Cochrane library), were applied to the cohort, and overall survival was calculated using Kaplan-Meier curves and compared with log-rank test. The influence of synchronously or metachronously detected liver metastases on disease-free and overall survival as reported in articles forthcoming from the literature search was also assessed. Results: Liver metastases were diagnosed in 272/1026 patients with CRC (26.5%). No statistically significant difference in overall survival for synchronous vs. metachronous detection at any of the defining time points (CRC diagnosis/surgery and 3, 6 and 12 months post-diagnosis/surgery) was demonstrated for operated or non-operated patients. In the literature search, 41 publications met the inclusion criteria. No clear pattern emerged regarding the prognostic significance of synchronous vs. metachronous detection. Conclusion: Synchronous vs. metachronous detection of CRC liver metastases lacks prognostic value. Using primary tumour diagnosis/operation as standardized cut-off point to define synchronous/metachronous detection is semantically correct. In synchronous detection, it defines a clinically relevant group of patients where individualized multimodality treatment protocols will apply.
Background
In the USA as well as in Europe, colorectal cancer (CRC) is the third most common cancer and a leading cause of cancer-related death [1] . Approximately 25% of patients diagnosed with CRC will be diagnosed with liver metastases during the course of the disease [2] [3] [4] . A large number of clinic-pathologic features of CRC liver metastases (CRCLM), including patient characteristics, pre-operative factors, primary tumour and liver metastases characteristics and operative factors have been assessed as prognostic factors [5, 6] . Synchronous vs. metachronous detection or occurrence of CRCLM as prognostic factor was mainly investigated and reported in surgical case series [7, 8] . There is, however, no consensus on the definition of synchronous and metachronous as used in the context of CRCLM. The time point of diagnosis of the primary tumour, alternatively the time of operation of the primary tumour and a variation of time intervals related to these time points have been used [3] . An effort to solve this was made by Adam et al. in 2015, where synchronous was defined as liver metastases detected before or at the time of diagnosis of the primary tumour [9] . With current trends and developments in CRC and CRCLM treatment, the detection of liver metastases at the time of diagnosis of the primary tumour has important therapeutic implications, both in terms of surgical strategy and the planning of oncologic treatment [10] [11] [12] [13] . In a previously published populationbased cohort of patients with CRC, the time of detection of liver metastases (synchronous vs. metachronous) did not significantly influence survival in a multivariate analysis [4] . In this study, previously used definitions of synchronous vs. metachronous detection of CRCLM are applied on that same patient cohort to assess the prognostic value of detection at the various defining time points in a population-based cohort. To identify previously used definitions for synchronous vs. metachronous detection of CRCLM, a literature search was performed for articles where a time point was specified for synchronous vs. metachronous detection.
Methods
To assess the potential prognostic impact of detection of liver metastases at various time points used to define synchronous vs. metachronous detection of CRCLM, a population-based patient cohort was used. All patients that were diagnosed with CRC in the Swedish counties of Stockholm and Gotland between 1 January 2008 and 31 December 2008 (total population as of 1 November 2008 = 2,034,886) were identified in the Swedish Colorectal Cancer Registry (SCRCR) and included in the study. The SCRCR is a validated database covering more than 99% of colon cancers diagnosed in Sweden between 2007 and 2011 [14] . Data regarding metastatic disease is not registered in the SCRCR and in order to identify patients in whom liver metastases were detected, the electronic patient records of all included in the study were reviewed for at least 5 years after time of diagnosis of the primary tumour, or until time of death. The authors reviewed all imaging findings and notifications of intraoperative detection of metastases and documented the occurrence of any metastatic disease. Specifically, the time points for diagnosis of the primary tumour, surgery for the primary tumour, diagnosis of liver metastases and in deceased patients' time of death were documented. A detailed description of the data collection and demographic and clinic-pathological features of all included patients has been published elsewhere [4] . In that paper, a slightly different definition of synchronous vs. metachronous was used with some liver metastases detected after treatment allocation but during neoadjuvant chemotherapy were categorized as synchronous. The overall survival (OS) of patients with synchronously vs. metachronously detected liver metastases was compared for different time points defining synchronous vs. metachronous detection, identified from the literature search as described below. The calculation was performed for the group of patients with liver metastases as a whole, as well as separately for patients undergoing curativeintended liver intervention (resection and/or local ablation) and those treated with palliative intent. OS was estimated from time of diagnosis of liver metastasis to death, last follow-up or censored January 21, 2019.
In order to define previously used time point definitions of synchronous vs. metachronous detection, a literature search was performed for publications between 2005 and 2018 that described definitions of synchronous vs. metachronous detection. The reported prognostic value of the distinction in articles where OS and/or disease-free survival (DFS) were reported was also documented. The PubMed, Embase and the Cochrane library databases were searched, and articles were reviewed following the PRISMA statement guidelines [15] . The following search headings were used: (CRC OR colorectal cancer) AND (liver OR hepatic) AND (metastases OR metastasis OR metastatic) AND (synchronous OR metachronous) AND survival. Articles not written in English, duplicates, conference abstracts, case reports, review articles and articles written before 2005 were excluded. The remaining articles were subjected to a more thorough screening. For inclusion, the studies had to (a) specify a definition of synchronous vs. metachronous detection of CRCLM and (b) assess synchronous vs. metachronous detection as a prognostic factor (as OS and/or DSF). If the same population was used in two different studies, the later study was included. Publications not meeting the inclusion criteria were deemed irrelevant. A reference screening was performed to detect possible missed articles. The study was approved by the Regional Ethical Review Board in Stockholm.
Statistical analysis
Non-normally distributed continuous data are presented as medians (min, max) and categorical data as frequencies (percentage). Survival curves were calculated using Kaplan-Meier estimates, and survivor functions were compared using the log-rank test. The threshold for statistical significance was set to a < 0.05. Sigmaplot 13 (Systat Software, San Jose, CA 95131, USA) were used for the statistical analyses.
Results

Survival data from the population-based cohort
During the study period, a total of 1026 patients were diagnosed with CRC. The median age was 71 years (31, 97), 485 (47.3%) were females and 651 (65.1%) had a primary tumour of left-sided origin. At 5-year follow-up, 272 (26.5%) of subjects (57.7% male and 42.3% female) had been diagnosed with liver metastases of whom 65 (24%) had undergone liver resection, Table 1 . The cumulative incidence of detection of the liver metastases as related to the time of diagnosis of the primary tumour are depicted in Fig. 1 . The number of patients with metastases that were classified as synchronous or metachronous according to the different time points used in the literature, namely the time of primary tumour diagnosis (in non-operated patients) or time of primary tumour surgery (operated patients) and 3, 6 and 12 months after the primary tumour diagnosis/surgery, is shown in Table 2 .
The overall survival curves of patients with synchronously and metachronously detected metastases for operated and non-operated patients are shown for the different synchronous vs. metachronous-defining time points ( Fig. 2) . No statistically significant difference in survival at any of the time points was seen, neither for operated nor for non-operated patients.
Review of existing literature on the topic
The flow chart presenting the results of the electronic database search is shown in Fig. 3 . After exclusion, 39 articles were retained, and 2 articles were added from reference screening. The majority of studies reported patients only operated for CRCLM (n = 34), 6 included both operated and non-operated patients and 1 study only included patients treated with palliative intent (Table 3 ). Prognostic results as per time point are summarized in Table 4 . There was a considerable variation in the number of subjects included in studies (minimum 40, maximum 1784), and the proportion of patients with synchronous detection of liver metastases varied from 31.3 to 79.7%. The most commonly used defining time point for synchronicity was at primary tumour diagnosis/surgery (18 out of 41 publications). There was a trend in a better OS of metachronous detected metastases with an earlier cut-off with 50% of studies showing statistically significant differences when using a 0-or 3month definition, compared to 33% with a 6-month definition and 0% for a 12-month definition; the majority of the studies concluded a non-significant prognostic value of synchronous vs. metachronous detection.
Discussion
The present study questions the prognostic impact of the time of liver metastases detection in CRC and also Size of largest liver metastasis (mm) (min, max) 26 (5, 120) the meaningfulness of time points other than the time of primary tumour diagnosis in non-operated patients and time of primary tumour surgery in operated patients as definition of synchronous detection. In a well-defined cohort from a well-defined geographical region in Sweden, no significant difference was seen in survival as measured from time of detection of liver metastases to death between the two groups, irrespective of time points being used.
In patients with CRCLM, the proportions of tumours being detected synchronously and metachronously and the prognostic value of this distinction have been reported in numerous studies [3, 9] . Reports addressing the issue differ considerably regarding the time points used as cut-off for defining synchronous vs. metachronous detection. Furthermore, there are wide variations in the number of subjects and the proportions of synchronous vs. metachronous detection in the included cohorts. Although a trend was seen in patients with metachronous detection having a better OS with early time points as cut-off (50% of studies showing statistically significant differences using a 0-or 3-month definition) as opposed to later time points (50% for a 6month and 0% for a 12-month definition), there is no compelling evidence that the distinction has any prognostic value. In a study by Furukawa et al., the prognostic value of synchronous vs. metachronous detection was investigated in a cohort of patients with unresectable liver metastases. With the cut-off defined as the time of primary tumour evaluation, no difference in the OS of patients was found [33] . Adam et al. took a consensus approach to the same question and concluded that metachronous tumours are regarded as having a better biology and better survival, and the conclusion was illustrated with survival curves from LiverMetSurvey [9] .
With current trends and developments in CRC and CRCLM treatment, establishing the presence of liver metastases at the time of diagnosis of the primary tumour has important therapeutic implications [6, 55] . Firstly, surgical intervention for the CRCLM needs to be coordinated with the surgery for the primary tumour. Different surgical options, for example the liver first approach or simultaneous resection of primary tumour and liver metastases, need to be considered [10, [56] [57] [58] . Secondly, it may also influence the use and timing of oncologic treatment, with neoadjuvant chemotherapy increasingly being favoured in patients with liver metastases detected before surgery of the primary tumour [11] [12] [13] . Terminology frequently used in the literature, for example development of synchronous vs. metachronous metastases, implies two different clinical entities, creating the unfounded impression that the metastatic events occur during the respective periods. The mechanism for CRC metastases to the liver has been described in detail, with tumour cells entering the liver either via the portal vein or hepatic artery, the common point of entry being the sinusoidal space [59] . Whether the risk for new metastases to the liver ceases at removal of the primary tumour is unclear. Patterns of hepatic recurrence observed in a cohort of patients transplanted for CRCLM suggest that previously undiagnosed lung or lymph node metastases could be the source of liver metastases in the transplanted liver [60, 61] . The development of liver metastases in the transplanted liver in the absence of any Fig. 2 a-d Overall survival curves for synchronous and metachronous detected metastases. Operated and non-operated patients shown for the different synchronous/metachronous cut-off points at a, detection of the primary tumour (non-operated, palliative)/operation for the primary tumour (resected) and b, 3 months, c, 6 months and d, 12 months after detection/resection of the primary tumour other metastases suggests that viable tumour cells may persist in the circulation after elimination of the primary tumour and resection of the whole liver with liver metastases. It is however more plausible that preoperatively present but undetected hepatic lesions account for the vast majority of liver metastases detected after operation of the primary tumour. These lesions are therefore potentially detectable at initial liver work-up.
In the light of the above-mentioned, we propose a standardized definition for synchronous vs. metachronous detection of CRCLM that will be rational, semantically correct and will have a clear clinical application, namely the time of operation for the primary tumour in operated patients and the time of diagnosis of the primary tumour, including the metastatic work-up, for patients treated non-operatively for the primary tumour as cut-off. The rationale for having the cut-off for synchronicity during and not before the primary tumour operation is that, even though establishing the presence of metastases during the pre-operative work-up of the primary tumour is optimal in terms of treatment planning, intra-operative detection still to some extent offers the possibility of changing the treatment plan if needed. Intra-operative detection of pre-operatively undiagnosed liver metastases is fortunately an increasingly rare event due to high-quality imaging using high-end technology and state-of-the-art protocols during work-up [62] . The proposed definition will also focus attention on the effectiveness of hepatic imaging at the time of detection of the primary tumour, the proportion of metastases detected before operation for the primary tumour being directly related to the quality and diligence of the imaging strategy. This could serve as a robust parameter of pre-operative imaging quality control. A randomized trial has shown that MRI with liver-specific contrast is superior for detection of CRCLM, as compared to contrast-enhanced CT and MRI with extracellular contrast [63] . Health economic studies suggest that an MRI first approach is from a cost perspective comparable to a step-up approach with contrastenhanced CT first [64, 65] .
There are, however, a number of limitations that need to be considered in the interpretation and generalization of results. The SCRCR only includes the Swedish population, a relatively homogeneous group in terms of ethnic diversity, and results may not be generalizable. In a previous publication on the total CRC patient cohort from which the CRCLM patients were included in this [4] . In this article, patients that were operated and patients not operated for CRCLM were assessed separately. Ideally, additional treatment such as neoadjuvant, adjuvant and palliative chemotherapy therapy should have been controlled for in a multivariable analysis, but the rather small CRCLM cohort precludes further subgroup analysis. Although the PRISMA statement guidelines were adhered for extraction of published data required for the study (definitions for and impact of synchronous vs. metachronous detection on prognosis at the different time points), a formal systematic review was not performed. A systematic review and meta-analysis to assess the prognostic value of synchronous vs. metachronous detection using the proposed definition is highly desirable, as this may clarify the impact on prognosis.
Conclusion
This study, to our knowledge, is the first to address the issue in a well-validated population-based cohort, and it fails to show any prognostic value in distinguishing synchronous from metachronous detection of CRCLM for any of the previously reported defining cut-off points, neither for operated patients nor for patients treated with palliative intent. We suggest using primary tumour diagnosis/operation as standard cut-off point to define synchronous/metachronous detection as a clinically relevant definition. 
